
X-615-65-304 ,I 

u /- 1 
(CATEGORY) 2 

( N A S A  CR OR TMX OR A D  NUMBER) 

THE‘LOWER IONOSPHERE AT I 

SOLAR MINIMUM 

\ 
, 

BY 

R.  E. BOURDEAU 

A. C. A I K I N  

J. e. DONLEY 

GPO PRICE $ 

CFSTI PRICE(S) $ 

JULY 1965 Hard copy (HC) 
Ix 

Microfiche (M F) .so 
ff 653 July 65 

GODDARD SPACE FLIGHT CENTER 
GREENBELT, MARYLAND 

1 i 

.‘ 
c 

Ionospheric Physics Preprint Series 
To be published in the Journal of Geophysical Research 



I 

b 

. 

-. . 
-* 

THE LOWER IONOSPHERE AT SOLAR M I N I M U M  

by 
R.  E .  Bourdeau, A .  C .  Aikin and J .  L. Donley 

Space Sc iences  D i v i s i o n  
NASA-Goddard Space F l i g h t  Center  

Greenbe I t ,  Mary l and  

ABSTRACT 

Two Nike-Apache r o c k e t s  were launched i n  1964 t o  
measure: 
r e s o l u t i o n  of approximately 10  meters by use  of a modif ied 
Gerdien condenser ,  (b)  e l e c t r o n  d e n s i t y  by rad io-propagat ion  
t e c h n i q u e s  and (c )  t h e  o p t i c a l  dep th  of s o l a r  r a d i a t i o n  
absorbed i n  t h e  60-120 k m  r eg ion  w i t h  a p h o t o e l e c t r o n  re- 
t a r d i n g  p o t e n t i a l  ana lyze r .  The f l i g h t s  t ook  p l a c e  a t  a 
t i m e  when t h e  i n t e n s i t i e s  of important  p o r t i o n s  of t h e  

so la r  spectrum were be ing  measured s imul taneous ly  from a 
s a t e l l i t e .  The s i m u l t a n e i t y  of a l l  these data and t h e  
h igh  a l t i t u d e  r e s o l u t i o n  of t h e  charged p a r t i c l e  d e n s i t y  
p r o f i l e s  pe rmi t s  u s  t o  i d e n t i f y  s e v e r a l  r e g i o n s  between 
65 and 120 km and t o  a s s o c i a t e  them w i t h  d i f f e r e n t  p o r t i o n s  
of t h e  solar spectrum and w i t h  d i f f e r e n t  l o s s  mechanisms. 

The average  N+ i n  t h e  D r eg ion  (65-83 km) is found 
t o  be  10 c m  , an o r d e r  of magnitude less  t h a n  r e p o r t e d  
by i n v e s t i g a t o r s  who used experiments  which u n l i k e  o u r s  
r e q u i r e  assumptions about  o ther  i o n i c  parameters  t o  d e r i v e  

N+.  
a l p h a  i o n d z a t i o n  of n i t r i c  oxide whose abundance is 
computed t o  be approximately 3x10 -lo t h a t  of molecular  
oxygen and w i t h  a n  e f f e c t i v e  p o s i t i v e  ion  loss  rate of 
approximate ly  2x10 c m  sec . 
i o n i z e d  by 2-Sa X-radia t ion  and the C V I  l i n e  a t  33.78 
which produce O 2  and N2+ i ons .  These i o n s  are t r a n s -  

( a )  p o s i t i v e  i o n  d e n s i t y  (N+) w i t h  a n  a l t i t u d e  

3 -3 

The p r o f i l e  i n  t h i s  region is c o n s i s t e n t  w i t h  Lyman 

-8 3 -1 

The r e g i o n s  83-88 km and  88-93 km are  s e q u e n t i a l l y  

+ 
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formed i n t o  NO' by p rocesses  i n v o l v i n g  charge  t r a n s f e r  
-, NO' + N O ) .  + + 

+ N2 and/or  ion-atom in t e rchange  (N2 + o2 o2 
From our r e s u l t s ,  w e  compute t h e  e f f e c t i v e  l o s s  r a t e  between 
83-93 km t o  be approximately 2x10 c m  sec which q u i t e  
l i k e l y  r e p r e s e n t s  t h e  d i s s o c i a t i v e  recombinat ion rate f o r  
NO'. 

u l t r a v i o l e t  r a d i a t i o n  l e a v i n g  02' as  one of t h e  t w o  dominant 
i o n s .  Though never  dominant,  40-758 X-radia t ion  is an  
important  i o n i z i n g  source  which i n d i r e c t l y  produces some 
NO+ i o n s  above 95 k m  through t h e  p rocess  N2 
Our computed e f f e c t i v e  d i s s o c i a t i v e  recombinat ion ra te  
between 95-115 km is about  1.8x10-7cm3sec~1. 
ed t h a t  t h i s  v a l u e  is h i g h e r  t h a n  t h a t  computed f o r  t h e  

r e g i o n  below 90 k m  because above 95 k m  t h e  i o n i c  c o n t e n t  
is r i c h e r  i n  O2 . 
INTRODUCTION 

-8 3 -1 

The r e g i o n  95-115 km is ion ized  p r i n c i p a l l y  by extreme 

+ + 0 + NO+ + N .  

I t  is sugges t -  

+ 

E x i s t i n g  t h e o r i e s  f o r  t h e  fo rma t ion  of t h e  D and lower 
E r eg ions  of t h e  ionosphere are a s  y e t  incomple te .  I n  t h e  

D reg ion  u n c e r t a i n t i e s  i n  our knowledge p r i n c i p a l l y  of t h e  

d e n s i t y  of t h e  trace c o n s t i t u e n t ,  n i t r i c  o x i d e ,  and of bo th  
t h e  n a t u r e  and magnitude of t h e  s i g n i f i c a n t  loss  mechanisms 
prevent  a ' de t e rmina t ion  of t h e  r e l a t i v e  importance of 2-88 
X-rays and Lyman a l p h a  (1215.78) r a d i a t i o n .  
r e g i o n ,  u n c e r t a i n t i e s  i n  t h e  magnitude and s p e c t r a l  
d i s t r i b u t i o n  of 30-1008 X-radia t ion  have l e d  t o  d i f f i c u l t i e s  
i n  a s s e s s i n g  t h e  importance of t h i s  wavelength band as 
compared t o  t h e  s p e c t r a l  r e g i o n  911-10278. 

I n  t h e  lower E 

A d d i t i o n a l l y ,  there is no adequa te  e x p l a n a t i o n  o v e r  t h e  

e n t i r e  83-120 km r eg ion  for i on  spectrometer measurements 
which show t h a t  N2 + is  a trace i o n i c  c o n s t i t u e n t  even though 

. 
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it h a s  a h igh  product ion  r a t e  and t h a t  NO' is a n  impor tan t  
i on  even though it probably is  n o t  a direct  p h o t o i o n i z a t i o n  
product .  F i n a l l y ,  t h e r e  are d i f f e r e n c e s  of a t  least  an  
o r d e r  of magnitude i n  t h e  e f f e c t i v e  l o s s  rates f o r  v a r i o u s  
t h e o r e t i c a l  models of bo th  t h e  D and E r e g i o n s .  

p roduc t ion  rates wi th  t h e  a i d  of s imul taneous  s a t e l l i t e  
measurements of X-radia t ion  and rocket measurements of Lyman 
a l p h a  o p t i c a l  depth .  The product ion  ra tes  t h e n  are compared 
w i t h  r o c k e t  measurements of charged p a r t i c l e  d e n s i t y  t o  
d e r i v e  e f f e c t i v e  recombination c o e f f i c i e n t s  f o r  t h e  83-120 k m  

r e g i o n .  T h i s  comparison i s  then i n t e r p r e t e d  i n  t e r m s  of 
r e c e n t  l a b o r a t o r y  measurements of ion-molecule r e a c t i o n  ra tes  
and i o n  spec t romete r  data. F i n a l l y ,  t h e  recombinat ion 
c o e f f i c i e n t s  d e r i v e d  f o r  83-120 km are used  t o  sugges t  a 
n i t r i c  o x i d e  d i s t r i b u t i o n  important  t o  t h e o r i e s  of D r e g i o n  
fo rma t ion .  

I 

T h i s  paper  examines a l l  of t h e s e  problems by computing 

THE ION DENSITY EXPERIMENT 
The experiment  used t o  measure ion  d e n s i t i e s  is  a hybr id  

i n  t h a t  it combines t h e  f e a t u r e s  of ( a )  t h e  classical  Gerdien 
condenser  which has been used f o r  many y e a r s  by workers  i n  
a tmospher ic  e lec t r ic i ty  and (b) t h e  p l a n a r  i o n  t r a p s  used f o r  
rocket and s a t e l l i t e  i n v e s t i g a t i o n s  of t h e  upper ionosphere .  
I t  b a s i c a l l y  c o n s i s t s  of an open-ended c y l i n d e r  mounted a t  t h e  

f r o n t  end of t h e  r o c k e t  w i t h  its a x i s  p a r a l l e l  t o  t h e  a i r  f l o w .  
A s m a l l  s t r e a m l i n e d  c y l i n d r i c a l  probe is mounted i n  a recessed 
p o s i t i o n  a t  t h e  c e n t e r  and c o n c e n t r i c  w i t h  t h e  l a r g e  c y l i n d e r .  
The o u t e r  c y l i n d e r  is m a i n t a i n e d  a t  rocket p o t e n t i a l  wh i l e  t h e  
i n n e r  probe is  b i a s e d  nega t ive ly  t o  c o l l e c t  p o s i t i v e  i o n s  and 
t o  r e p e l  nega t ive ly-charged  p a r t i c l e s .  The a c t u a l  configu-  
r a t i o n  i n c l u d e s  t h e  use  of a l a r g e  r a t i o  of e x i t  t o  a p e r t u r e  
areas (Fig .  1 )  i n  o r d e r  t o  m i n i m i z e  t h e  shock wave e f f e c t s .  
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These e f fec ts  have been c r i t i c a l l y  examined and found no t  t o  
be s i g n i f i c a n t  even f o r  t h e  case of a rocket t r a v e l i n g  a t  
a l t i t u d e s  of r e l a t i v e l y  h igh  p r e s s u r e s  such as  those found 
i n  the  D r eg ion  (Bourdeau e t  a l ,  1959) .  

I n  t h e i r  u s e  of a s i m i l a r  i n s t rumen t  on t h e  ground,  on 
a i rc raf t  and on b a l l o o n s ,  worke r s  i n  a tmospher ic  e l e c t r i c i t y  
deal w i t h  t h e  case where t h e  s h o r t  mean f r e e  p a t h  of t h e  i o n s  
restricts t h e  n e t  d i s t a n c e  t h a t  the  i o n  t r a v e l s  even though 
i t s  thermal v e l o c i t y  may be g r e a t e r  t h a n  t h e  a i r  f low v e l o c i t y .  
For t h i s  case, t h e  c o l l e c t o r  c u r r e n t  w i l l  i n c r e a s e  l i n e a r l y  
w i t h  a p p l i e d  p o t e n t i a l  a t  l o w  p o t e n t i a l  v a l u e s .  The s l o p e  
of t he  volt-ampere curve  i n  t h i s  r e g i o n  is  a measure of t h e  

i o n i c  c o n d u c t i v i t y .  A t  a c r i t i ca l  v a l u e  of t h e  collector 
p o t e n t i a l  which is  dependent on t h e  r a t i o  of t h e  a i r  f l o w  
t o  t h e  i o n  m o b i l i t y ,  a l l  of t h e  i o n s  e n t e r i n g  t h e  in s t rumen t  
are collected. For v a l u e s  of p o t e n t i a l  i n  e x c e s s  of t h i s  

c r i t i c a l  v a l u e ,  t h e  col lector  c u r r e n t  (Ic) w i l l  have a sat-  
u r a t i o n  v a l u e  which is independent of p o t e n t i a l  and is a 
measure of t h e  ion  d e n s i t y  (N+) according t o :  

= N e VR A cos 
I C  + 0 

where e is t h e  e l e c t r o n i c  cha rge ,  VR is  t h e  rocket or a i r  
f l o w  v e l o c i t y ,  A is  t h e  area of t h e  a p e r t u r e ,  and 8 is t h e  

a n g l e  between t h e  c y l i n d e r  a x i s  and t h e  d i r e c t i o n  of  t h e  a i r  
f low.  Values of t h e  c r i t i ca l  p o t e n t i a l  as  a f u n c t i o n  of 
a l t i t u d e  were computed f o r  t y p i c a l  r o c k e t  v e l o c i t i e s  by 

Bourdeau e t  a1 (1959).  According t o  these c a l c u l a t i o n s ,  w e  
comfortably should  be d e a l i n g  w i t h  s a t u r a t i o n  c u r r e n t s  a t  a l l  
a l t i t u d e s  above 60 k m  f o r  t h e  f i x e d  appl ied  p o t e n t i a l  
(20 v o l t s )  used i n  t h e  present  experiment .  In  t h e  e x p l o r a t o r y .  
expe r imen t s ,  s a t u r a t i o n  c u r r e n t s  were not  observed ,  most 
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l i k e l y  because t h e  e f f e c t i v e  c o l l e c t i o n  area of t h e  i n s t r u -  
ment w i t h  its r e l a t i v e l y  exposed c e n t r a l  e l e c t r o d e  i n c r e a s e d  
wi th  a p p l i e d  p o t e n t i a l  (Bourdeau e t  a l ,  1959) .  To e l i m i n a t e  
t h i s  p o s s i b i l i t y ,  t h e  c e n t r a l  electrode i n  t h e  p r e s e n t  
experiment w a s  recessed and s h i e l d i n g  g r i d s  des igned  t o  
c o n t a i n  t h e  e lectr ic  f i e l d  due t o  t h e  a p p l i e d  p o t e n t i a l  were 
mounted a t  t h e  a p e r t u r e  and e x i t  openings .  

Workers i n  a tmospher ic  e l e c t r i c i t y  g e n e r a l l y  d e a l  w i t h  

one extreme use  of t h e  in s t rumen t  - t h e  case where t h e  i o n  
thermal  v e l o c i t y  is greater t h a n  t h e  a i r f l o w  v e l o c i t y .  The 
use  of t h e  ins t rument  a t  t h e  o t h e r  extreme where t h e  a i r f l o w  
v e l o c i t y  is much g r e a t e r  t h a n  t h e  i o n  random the rma l  v e l o c i t y  
has  been d e s c r i b e d  by upper i o n o s p h e r i c  i n v e s t i g a t o r s  u s i n g  
r o c k e t s  and sa te l l i t es .  It has been a p t l y  demonst ra ted  by 

agreement w i t h  r e s u l t s  from an  independent  rad io-propagat ion  
experiment flown on t h e  same r o c k e t  (Bauer e t  a l ,  1964) t h a t  

t h e  i o n  c u r r e n t  measured f o r  t h i s  a p p l i c a t i o n  is i d e n t i c a l l y  
t h a t  given by equa t ion  ( 1 ) .  For a l l  a l t i t u d e s  below 130 k m  

i n  o u r  exper iments ,  t h e  r o c k e t  v e l o c i t y  exceeded by a t  l eas t  
a fac tor  of two t h e  i o n  random thermal v e l o c i t y  computed by 
assuming ( a )  a mean i o n i c  m a s s  of 30 AMU and (b)  a t empera tu re  
p r o f i l e  given by t h e  US Standard  Atmosphere. 

cases f o r  which t h e  ion  d e n s i t y  experiment  has  been used.  
T h i s  occurs because t h e  same p h y s i c a l  requi rement  is m e t  - 
t h a t  t h e  n e t  d i s t a n c e  t r a v e l l e d  by t h e  i o n  w i t h  r e s p e c t  t o  
t h e  medium is  very  s m a l l  compared w i t h  t h e  d i s t a n c e  t h e  i o n  
is c a r r i e d  a long  by t h e  medium i n  t h e  same t i m e  i n t e r v a l .  
A t  D reg ion  a l t i t u d e s ,  w e  are d e a l i n g  w i t h  a n  i n t e r m e d i a t e  
case, one where t h e  a i r  f low v e l o c i t y  exceeds  t h e  i o n  
v e l o c i t y  b u t  where a d d i t i o n a l l y  t h e  mean f ree  p a t h s  are such 
t h a t  t h e  i o n s  can s u f f e r  c o l l i s i o n s  w i t h i n  t h e  measuring 

. 

Thus, i d e n t i c a l  e x p r e s s i o n s  r e s u l t  from t h e  extreme 

b 
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i n s t rumen t .  T h i s  case a s  w e l l  as  t h e  t w o  extreme cases has  

been ana lyzed  by Whipple (1963) who f i n d s  t h a t  e q u a t i o n  (1) 
is  s t i l l  v a l i d  f o r  t h e  rocket and i o n  v e l o c i t i e s  expec ted  
here and f o r  t h e  r a t i o s  of mean f ree  p a t h s  t o  t h e  dimensions 
of o u r  i n s t r u m e n t .  

The advantages  of o u r  experiment ove r  o t h e r s  used t o  
o b t a i n  D r e g i o n  ion  d e n s i t i e s  a r e  t h a t  i t  is  r e l a t i v e l y  
i n s e n s i t i v e  t o  ( a )  v e h i c l e  p o t e n t i a l ,  (b)  t o  unwanted photo- 
c u r r e n t  and (c) a knowledge of o t h e r  i o n i c  parameters  t o  
d e r i v e  i o n  d e n s i t y .  The photocurren t  problem can be an  
e s p e c i a l l y  s e r i o u s  one a t  D reg ion  a l t i t u d e s .  In  one of t h e  

t w o  rocket f l i g h t s  described here t h e  pho tocur ren t  measured 
by an  experiment  described i n  a subsequent  s e c t i o n  exceeded 
the measured p o s i t i v e  ion  c u r r e n t  by almost a n  order of 
magnitude a t  75 km. We e l i m i n a t e d  t h e  problem for t h e  ion  
d e n s i t y  experiment  by recessing t h e  e l e c t r o d e  t o  where it 
w a s  no t  exposed t o  t h e  sun .  I f  a n  exposed probe had been used 
i n  t h i s  s i t u a t i o n  it would have t o  have a n  e f f e c t i v e  i o n  
c o l l e c t i o n  area which is an  order of magnitude l a r g e r  t h a n  
the  a c t u a l  s u r f a c e  a r e a  i n  order t o  overcome t h e  unwanted 
p h o t o c u r r e n t ,  

CHARGED PARTICLE DENSITY RESULTS (2 = 5 8 O )  

On one of t h e  t w o  rocket f l i g h t s  w i t h  which t h i s  r e p o r t  
is concerned ,  p o s i t i v e  i o n  d e n s i t y  w a s  measured by u s e  of t h e  
experiment  described i n  t h e  prev ious  sec t ion  whi le  t h e  

f ami l i a r  Seddon CW propagat ion experiment  w a s  used for e l e c t r o n  
d e n s i t y  ( N  ) d e t e r m i n a t i o n .  
impor t an t  t o  t h e  unders tanding  of D r e g i o n  format ion  because 
of t h e  p o s s i b i l i t y  of e l e c t r o n  l o s s  th rough n e g a t i v e  i o n  (N - ) 
f o r m a t i o n  such t h a t  N, = Ne + N - . 

i n  F i g u r e  2 .  

The comparison of N and Ne is e + 

The r e s u l t s  of t h e  s imultaneous exper iments  are p resen ted  
The measured va lues  of N+ and Ne are i n  agree-  



I I 1 1 I I 

I I I 1 I I 
0 - 3 0 lb 

. 



- 9 -  

ment w i t h i n  exper imenta l  error a t  a l t i t u d e s  between 85 and 
90 k m .  Below 80 km, t h e  e l e c t r o n  d e n s i t y  f a l l s  somewhat 
below t h e  l i m i t i n g  s e n s i t i v i t y  of t h e  rad io-propagat ion  
experiment  which is about  10 cm , s u g g e s t i n g  t h a t  N+>Ne 
and t h u s  t h a t  n e g a t i v e  i o n s  may be impor tan t  throughout  
t h e  D r e g i o n .  Above 90 km, t h e  N+ v a l u e s  are a p p a r e n t l y  
h i g h e r  by a n  average  of 25 percen t .  The d i f f e r e n c e  i s ,  of 
c o u r s e ,  no t  real .  The Ne va lues  a g r e e  w i t h  a ground-based 
ionosonde which w a s  o p e r a t i v e  throughout  t h e  l aunch ,  There  
are t w o  p o s s i b i l i t i e s  f o r  e x p l a i n i n g  t h e  a p p a r e n t l y  h igh  N+ 
v a l u e s  above 90 km. F i r s t l y ,  an au tomat i c  s e n s i t i v i t y  change 
i n  t h e  electrometer associated w i t h  t h e  i o n  d e n s i t y  experiment  
took p l a c e  j u s t  below 90 km. I t  is possible  t h a t  t he  
d i sc repancy  above 90 km r e f l e c t s  a m i s c a l i b r a t i o n  of t h i s  

s e n s i t i v i t y  range  of t h e  electrometer. Secondly,  it is  
p o s s i b l e  t h a t  above 90 km t h e  v e h i c l e  p o t e n t i a l  becomes 
s u f f i c i e n t l y  n e g a t i v e  so t h a t  t he  e f f e c t i v e  i o n  c o l l e c t i o n  
area is s l i g h t l y  larger t h a n  t h e  p h y s i c a l  a p e r t u r e  area used 
i n  e q u a t i o n  (1) t o  compute N,. 
f l i g h t  of a n  analogous set of exper iments  (Bauer e t  a l ,  1964) 
d i d  n o t  show t h i s  l a r g e  a d i f f e r e n c e .  An electrometer m i s -  
c a l i b r a t i o n  a lso is  favored  because on t h e  o ther  Nike-Apache 
launch  d i s c u s s e d  here r e s u l t s  from an i d e n t i c a l  i on  d e n s i t y  
experiment  were i n  e x a c t  agreement w i t h  an  ionosonde 
d e t e r m i n a t i o n  of foE .  

d i f f e r e n c e  above 90 k m  shown i n  F igu re  2 is not  a t  a l l  c r u c i a l  
t o  o u r  subsequent  i n t e r p r e t a t i o n  of  these data i n  t e r m s  of 
p r o c e s s e s  which govern t h e  format ion  of t h e  lower ionosphere .  
We emphasize t h a t  t h e  two curves  are i d e n t i c a l  i n  shape 
above 85 km and t h a t  each was t a k e n  w i t h  an  ex t remely  f i n e  
a l t i t u d e  r e s o l u t i o n  (approximately 10 meters f o r  t h e  N+ 

3 -3 

However, a p rev ious  rocket 

In  any e v e n t ,  the  25 percent  appa ren t  and c o n s t a n t  

J 
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experiment)  T h i s  r e s o l u t i o n  is impor tan t  s i n c e  i n  subsequent  
s e c t i o n s  it pe rmi t s  u s  t o  show t h a t  ( a )  t h e  change i n  s l o p e  
a t  about  88 km marks t h e  t r a n s i t i o n  from i o n i z a t i o n  by 2-88 
X-radia t ion  t o  i o n i z a t i o n  by t h e  C V I  l i n e  a t  33.72, (b) t h e  
l a r g e  d i s c o n t i n u i t y  a t  90-95 km i n  an o t h e r w i s e  monotonica l ly  
i n c r e a s i n g  d e n s i t y  cu rve  is due p a r t i a l l y  t o  t r a n s i t i o n  from 
i o n i z a t i o n  by t h e  C V I  l i n e  t o  i o n i z a t i o n  by Lyman B (1025.78) 
b u t ,  more i m p o r t a n t l y ,  it a l s o  r e s u l t s  from a change i n  t h e  
e f f e c t i v e  ion -e l ec t ron  recombinat ion r a t e ,  (e) t h e  small 
d i s c o n t i n u i t y  a t  100-102 k m  o c c u r s  where p roduc t ion  due t o  
40-758 X-radia t ion  is  a maximum and (d)  t h e  minimum a t  115 km 
ref lects  t h e  t r a n s i t i o n  from i o n i z a t i o n  due t o  Lyman B t o  
i o n i z a t i o n  by r a d i a t i o n  i n  t h e  80-9778 r e g i o n .  

c h a r a c t e r i s t i c s  of t h e  n e u t r a l  a tmosphere,  (b) t h e  a b s o r p t i o n  
and p h o t o i o n i z a t i o n  cross s e c t i o n s  of t h e  i n d i v i d u a l  n e u t r a l  
c o n s t i t u e n t s  as a f u n c t i o n  of so la r  r a d i a t i o n  wavelength ( A ) ,  

( c )  t h e  i n t e n s i t y  of s o l a r  r a d i a t i o n  measured above t h e  
atmosphere as a f u n c t i o n  of A and (d) chemical r e a c t i o n  ra tes .  
In  t h e  next t w o  s e c t i o n s ,  w e  show t h a t  f o r  t h e  most p a r t  
parameters  ( a )  and ( c )  were measured d u r i n g  t h e  rocket f l i g h t  
l e a v i n g  us  w i t h  She a b i l i t y  t u  sugges t  t h e  n a t u r e  of t h e  

chemical r e a c t i o n s  a s  w e l l  as t h e i r  approximate rates.  

To a r r i v e  a t  these i n t e r p r e t a t i o n s  w e  must know (a )  t h e  

MEASUREMENT OF OPTICAL DEPTH 
To d a t e ,  one of t h e  p r i n c i p a l  u n c e r t a i n t i e s  i n  computing 

p h o t o i o n i z a t i o n  ra tes  i n  t h e  ionosphere  has been i n  o u r  
knowledge of n e u t r a l  gas  pa rame te r s ,  s p e c i f i c a l l y  t h e  d e n s i t y ,  
t empera ture  and t h e  t o t a l  a b s o r p t i o n  cross s e c t i o n s  of t h e  

i n d i v i d u a l  c o n s t i t u e n t s .  A l l  of these pa rame te r s  are em-  
bodied i n  t h e  o p t i c a l  d e p t h ,  7 ,  which is g iven  by 

T = H .  n .  CT sec z 
J J J l  

j .  
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where j d e n o t e s  t h e  absorb ing  c o n s t i t u e n t ,  H ,  n and Q i ts  

~ 

4 

scale h e i g h t ,  d e n s i t y  and abso rp t ion  cross s e c t i o n ,  respec-  
t i v e l y ,  and 2 is t h e  solar  z e n i t h  a n g l e .  

have measured T for X = 1215.78 (Lyman a l p h a )  w i t h  a n  error 
of less t h a n  20 p e r c e n t  by use of  a p h o t o e l e c t r o n  r e t a r d i n g  
p o t e n t i a l  a n a l y z e r  experiment modeled a f t e r  H in te regge r  
e t  a1 (1959).  Our experiment shown p i c t o r i a l l y  i n  F i g .  1 is 
a series of concen t r i ca l ly -a r r anged  p l a n a r  e l e c t r o d e s .  The 
a p e r t u r e  and second g r i d s  were b i a s e d  t o  exc lude  i o n o s p h e r i c  
e l e c t r o n s  and p o s i t i v e  i o n s ,  r e s p e c t i v e l y .  The p o t e n t i a l  
of t h e  t h i r d  g r i d  w a s  v a r i e d  i n  a manner des igned  t o  measure 

On one of t h e  t w o  r o c k e t  f l i g h t s  d i s c u s s e d  h e r e ,  w e  

t h e  energy  of e l e c t r o n s  emi t t ed  from t h e  t u n g s t e n  t a r g e t  as 
t h e  s p i n n i n g  r o c k e t  p e r i o d i c a l l y  exposed t h e  s e n s o r  t o  so l a r  
r a d i a t i o n .  

The s p e c t r a l  response  of  a t u n g s t e n  t a r g e t  a s  compiled 
by Whipple (1965) is  presented  i n  F i g u r e  3 t o g e t h e r  w i t h  
r e f e r e n c e s  t o  t h e  l a b o r a t o r y  i n v e s t i g a t i o n s  from which t h e  

cu rve  w a s  d e r i v e d .  T h i s  curve t o g e t h e r  w i t h  t h e  knowledge 
t h a t  the  i n t e n s i t y  of extreme u l t r a v i o l e t  (EUV) r a d i a t i o n  f a r  
exceeds  t h a t  of X-radia t ion  l e a d s  t o  t h e  conc lus ion  t h a t  t h e  

experiment  p r a c t i c a l l y  responds on ly  t o  EUV f o r  zero ,  photo- 
e l e c t r o n  r e t a r d a t i o n  p o t e n t i a l .  

The measured photocurren t  emi t t ed  from a. t u n g s t e n  t a r g e t  
of area 10 c m 2  when a t  zero retard ' ing p o t e n t i a l  is p l o t t e d  as  
a f u n c t i o n  of a l t i t u d e  i n  F igure  4 .  The rocket w a s  f l o w n  f o r  
a s o l a r  z e n i t h  a n g l e  of 5 8 O .  

between 60 and 90 km c l e a r l y  i d e n t i f i e s  t h e  r e g i o n  where 
Lyman a l p h a  r a d i a t i o n  is absorbed. The i n c r e a s e  from 150 km 

t o  t h e  apogee a l t i t u d e  of 1 8 2  km is a t t r i b u t a b l e  t o  decreas- 
i n g  a b s o r p t i o n  of t h e  s p e c t r a l  r e g i o n  170-796a which ionczes  
t h e  F r e g i o n .  An e x t r a p o l a t i o n  of t h i s  curve  above r o c k e t  

The l a r g e  i n c r e a s e  observed 
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apogee would l e a d  t o  a pho tocur ren t  d e n s i t y  c o n s i s t e n t  w i th  a 

t h e  va lue  of 5 ~ 1 0 - ~ a m p s  c m  
on t h e  Explorer  8 s a t e l l i t e  (Bourdeau e t  a l ,  1961) .  

dep th  because t h e  r a t i o  of  t h e  c u r r e n t  a t  a g iven  a l t i t u d e  I 

( I  ) t o  i t s  v a l u e  above t h e  atmosphere ( I  ) is  g iven  by e-'. 
The c i r c l e d  p o i n t s  i n  F igu re  5 r e p r e s e n t  rocket v a l u e s  of t h e  
r a t i o  I !IoX o b t a i n e d  by normal iz ing  a l l  t h e  measured p o i n t s  
for z e r o  r e t a r d a t i o n  t o  t h e  va lue  observed a t  120 km.  Th i s  

-2 measured w e l l  above t h e  atmosphere 

I 

The d a t a  from F igure  4 can be used t o  o b t a i n  t h e  o p t i c a l  

ZX OX 

Zh 

e s s e n t i a l l y  p rov ides  a measure of e-' f o r  Lyman a l p h a  
r a d i a t i o n .  
e q u a t i o n  2 by s e t t i n g  2 = 58O, u s i n g  t h e  1962 US Standard  
Atmosphere and a va lue  for o 

02 
t h e  Lyman a l p h a  l i n e  by Watanabe (1954).  Except f o r  t h e  

r e g i o n  below 75 km, t h e  agreement between t h e  expe r imen ta l  
p o i n t s  and t h e  computed curve  is b e t t e r  t h a n  20 p e r c e n t .  
T h i s ,  t h e n ,  is about  t h e  l e v e l  of conf idence  which can be 
p l aced  on o u r  cho ice  of a r e f e r e n c e  n e u t r a l  atmosphere and 
of a The e x c e s s  measured c u r r e n t  below 
75 k m  is a t t r i b u t a b l e  t o  pho tocur ren t  produced by t h e  2100 t o  
30008 p o r t i o n  of t h e  so la r  spectrum. 

The s o l i d  curve  i n  F igu re  5 is  e-' computed from 

of 10'20cm2 as measured f o r  

for X = 1215.78. 
O2 

The r e s o l u t i o n  of o u r  experiment  on t h i s  p a r t i c u l a r  
f l i g h t  is i n s u f f i c i e n t  f o r  u s  t o  de te rmine  t h e  o p t i c a l  dep th  
cor responding  t o  o t h e r  EUV l i n e s  impor tan t  t o  o u r  s tudy  h e r e .  
For  example, even though from F i g u r e  3 t h e  photoemission y i e l d  

e f f i c i e n c y  f o r  Lyman fj (1025.78) is f o u r  t i m e s  t h a t  of Lyman 
a l p h a ,  t h e  l a t te r  r a d i a t i o n  is approximate ly  t w o  orders of 
magnitude more i n t e n s e ,  l e a v i n g  u s  w i t h  a search f o r  a 4 

percen t  effect .  Our volt-ampere c u r v e s  do show a n  expec ted  
ha rden ing  of t h e  pho toe lec t ron  spec t rum above t h e  accep ted  
abso rb ing  reg ion  f o r  Lyman p (100-120 k m ) .  On f u t u r e  
f l i g h t s ,  we hope t o  s e p a r a t e  o u t  t h e s e  o t h e r  wavelengths  by 
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a p p r o p r i a t e  cho ice  of f i x e d  pho toe lec t ron  r e t a r d i n g  p o t e n t i a l s . '  

PRODUCTION RATES 
The s o l a r  r a d i a t i o n  wavelengths  of primary importance 

t o  o u r  s tudy are 1215.78, 2-88, 33.78, 977-1025.78 and 40-758. 
The a l t i t u d e  of maximum e l e c t r o n  product ion  (9,) f o r  a spe- 
c i f i c  wavelength is approximately t h a t  of u n i t  o p t i c a l  d e p t h ,  
f o r  which e - 0.37.  The s o l i d  curve i n  F igu re  5 shows t h a t  
t h i s  occu r s  a t  approximately 80 k m  f o r  t h e  measured t r a n s -  
miss ion  of Lyman a l p h a  r a d i a t i o n  where 2 = 58O. 
of qm f o r  Z = 58O and f o r  o t h e r  s p e c t r a l  l i n e s  can be deduced 
from t h e  dashed cu rves  i n  F igu re  5 .  

The p h o t o i o n i z a t i o n  r a t e  a t  a g iven  a l t i t u d e  is g iven  by 

, 

-I- 

The a l t i t u d e s  

q = I I u j n j k  @ e -I- 
h j  oh (3) 

@Oh 
where k is t h e  number of i o n  p a i r s  produced p e r  photon,  
is t h e  number of i n c i d e n t  photons of wavelength 1 a t  t h e  t o p  
of t h e  atmosphere,  and 0 '  is  t h e  i o n i z a t i o n  cross s e c t i o n  of 
t h e  j th c o n s t i t u e n t .  
w i l l  be used h e r e  f o r  c a l c u l a t i n g  q were t aken  from Watanabe 
and Hin teregger  (1962) ,  N i c o l e t  (1961) ,  and Samson and C a i r n s  
(1964).  Values f o r  k were t aken  from Norton e t  a1 (1963) and 
N i c o l e t  and Aikin (1960).  

r e f l e c t  i n c r e a s i n g  a l t i t u d e s  of i n f l u e n c e .  The l i s t e d  f l u x e s  
f o r  t h e  EUV, t h e  958 and t h e  1408 emiss ions  are t a k e n  from 
Watanabe and Hin teregger  (1962) a f t e r  t a k i n g  i n t o  account  t h e  
s o l a r  cyc le  v a r i a t i o n  i n d i c a t e d  by H a l l  e t  a1 (1965) ,  t h e  
change with s o l a r  cycle be ing  r e l a t i v e l y  s m a l l  f o r  t h e  EUV 
r a d i a t i o n .  Measurements made a t  t h e  t i m e  of our r o c k e t  
f l i g h t s  with t h e  a i d  of t h e  NRL R a d i a t i o n  Moni tor ing  S a t e l l i t e  

j 
The a b s o r p t i o n  c r o s s  s e c t i o n s  which 

The s p e c t r a l  l i n e s  or r e g i o n s  i n  Table  I are grouped t o  
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b (Krep l in ,  p r i v a t e  communication) show t h e  r a d i a t i o n  i n t e n s i t y  

i n  t h e  s p e c t r a l  range  0-88 w a s  less t h a n  2 . 5 ~ 1 0 - ~ e r g s  cm-2sec-1. 

TABLE 1. S o l a r  Rad ia t ion  I n t e n s i t y  and A l t i t u d e  of Uni t  
O p t i c a l  Depth as a Funct ion  of Wavelength. 

h 
Oh 

4 Z ( T  = 1; 2 = 58') 

51 -2 -1 
ph.cm sec km 

2 1 .ooxloo 
1215.7 2 . 7 0 ~ 1 0 ~ ~  

4 2.00xlO 
6 1.20xlO 
8 1.00x10 

2 
4 

5 

72 
80 
83 
90 
95 

33 .7  7 . 6 3 ~ 1 0 ~  100.0 

9 989.8-1025,7 3 . 5 0 ~ 1 0  * 
40-75 7.  50x107* 

108.0** 
112. o** 
115.0 9 977 3 . 0 0 ~ 1 0  

95 . . 2 . 5 0 ~ 1 0 ~  125.0 
130.0 8 140 3 . 5 0 ~ 1 0  

*To ta l  i n t e n s i t y  i n t e g r a t e d  o v e r  t h e  i n d i c a t e d  s p e c t r a l  
r e g i o n .  

**Mean a l t i t u d e  for t h e  i n d i c a t e d  s p e c t r a l  r e g i o n .  

The t a b u l a t e d  f l u x e s  f o r  t h i s  range  r e p r e s e n t  upper  l i m i t s  
e s t i m a t e d  by W. White ( p r i v a t e  communication) from t h e  

p r e v a i l i n g  1 0 . 7  c m  r a d i o  flux and Ca p lage  a c t i v i t y .  
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The a b s o r p t i o n  cross s e c t i o n s  f o r  X = 8-318 are equiva- 

l e n t  t o  %hose f o r  A = 31-908 (Nicallet and Aik in ,  1960) 
t h e s e  two r a d i a t i o n  bands i o n i z e  t h e  same ionosphe r i c  r e g i o n s .  

However, t h e  r a d i a t i o n  f o r  X = 8-318 i s ,  i n  g e n e r a l ,  more 
t h a n  one o r d e r  of magnitude less i n t e n s e ,  t h u s  making these  

wavelengths unimportant t o  our  s tudy  

Thus 

Our product ion  r a t e  c a l c u l a t i o n s  have made use  of t h e  
r e c e n t  a v a i l a b i l i t y  of i d e n t i f i e d  s p e c t r a l  l i n e s  i n  t h e  
33.7-72.38 observed by Tousey e t  a1 (1963) e 

of t h e  s o l a r  spectrum have been Lonverted t o  t h e  r e l a t i v e  
i n t e n s i t i e s  of t he  v a r i o u s  l i n e s  (Widirrg, p r i v a t e  communication). 
T h i s  has  enhanced our a b i l i t y  t o  assess t h e  r o l e  which t h i s  
very  important s p e c t r a l  range p l a y s  i n  t h e  fo rma t ion  of t h e  
lower E r eg ion .  In  ou r  e l e c t r o n  product ion  ra te  c a l c u l a t i o n s ,  
t h e  r e l a t i v e  l i n e  i n t e n s i t i e s  were normalized t o  t h e  i n t e g r a t e d  
f l u x  va lues  for X = 44-608 measured w i t h  t h e  MRL S a t e l l i t e  
a t  t h e  t i m e  of t h e  rocke t  launches .  Product ion  ra tes  f o r  
some 2 3  i d e n t i f i e d  l i n e s  were computed i n d i v i d u a l l y  and t h e n  
summed t o  o b t a i n  a t o t a l  e f f e c t  for X = 40 t o  758. 'The C V I  

l i n e  a t  33.78 w a s  cons ide red  s e p a r a t e l y  because i t s  importance 
t o  E reg ion  i o n i z a t i o n  a t  s o l a r  minimum exceeds  t h a t  of t h e  
o t h e r  23 combined. 

These photographs 

A s  i n d i c a t e d  i n  t h e  p rev ious  s e c t i o n ,  t h e  N2 and O2 

d e n s i t i e s  which w e  use  for product ion  ra te  c a l c u l a t i o n s  below 
100 k m  a r e  based on t h e  r e s u l t s  of t h e  p h o t o e l e c t r o n  r e t a r d -  
i ng  p o t e n t i a l  experimcnt .  They a r e  c o n s i s t e n t  w i t h  what 
would be obta ined  by u s e  of iche US Standard  Atmosphere for 
t o t a l  d e n s i t y  and assuming mixing t o  d e r i v e  t h e  d e n s i t y  of 
t h e  i nd iv idua l  c o n s t i t u e n t s .  Abote 100 km, w e  used t h e  
amount of d i s s o c i a t i o n  of t h e  molecular  c o n s t i t u e n t s  i n d i c a t e d  
by Nico le t  (1963) normalized t o  t o t a l  d e n s i t y  from t h e  US 
Standard  Atmosphere. The r e l a t i v e  0 ,  0 2 9  N2 abundances used 
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a g r e e  wi th  mass s p e c t r o m e t r i c  measurements (Nier  e t  a l ,  1964) 
w e l l  enough f o r  o u r  a p p l i c a t i o n .  

i n g  t o  t h e  r o c k e t  f l i g h t  where Z = 58O are p resen ted  i n  
+ + Figure  6 .  Each cu rve  r e p r e s e n t s  t h e  sum of O2 

p roduc t ion .  Not inc luded  but  r e se rved  f o r  subsequent  d i s -  
c u s s i o n  is t h e  product ion  of NO+ due t o  Lyman a l p h a  r a d i a t i o n .  
I t  is seen  from t h e  s o l i d  curves  t h a t  ( a )  r a d i a t i o n  a t  2-88 
is m a i n l y  r e s p o n s i b l e  f o r  i o n i z i n g  t h e  r eg ion  82-90 km,  (b)  
t h e  C V I  l i n e  a t  33.78 f i r s t  i d e n t i f i e d  by t h e  NRL group is 
t h e  p r i n c i p a l  i o n i z a t i o n  source  a t  90-95 km and ( c )  t h a t  t h e  
a l t i t u d e  i n t e r v a l  95-115 km is  dominated by t h e  977-1025.78 
band, I t  should  be noted from t h e  d o t t e d  c u r v e ,  however, 
t h a t  X- rad ia t ion  a t  40-758 is impor tan t  t o  t h e  95-120 km 
r e g i o n  and from t h e  dashed curves  t h a t  85-1708 X-radia t ion  is 
impor tan t  t o  i o n i z a t i o n  of t h e  r e g i o n  above 120 km. 

The r e s u l t s  of ou r  product ion r a t e  c a l c u l a t i o n  correspond-  

and N2 

I n  summary w e  conclude f o r  o u r  i onosphe r i c  c o n d i t i o n s  
t h a t  a t  solar minimum a s  t h e  a l t i t u d e  is i n c r e a s e d  up t o  120 km, , 
t h e  ionosphe re  is success ive ly  produced mainly by Lyman a l p h a ,  
2-88, 33.78,  and 977=1025.78 r a d i a t i o n .  
a p t  t o  change,  however, for o t h e r  t han  s o l a r  minimum c o n d i t i o n s  
and/or  f l a r e  a c t i v i t y  when the  X- rad ia t ion  i n t e n s i t y  r e l a t i o n  
t o  t h e  EUV f l u x  can be expected t o  i n c r e a s e .  

T h i s  conc lus ion  is  

EFFECTIVE RECOMBINATION COEFFICIENTS (83-120 KM) 
A complete model f o r  t h e  fo rma t ion  of any ionosphe r i c  

s u b d i v i s i o n  must take i n t o  account l o s s  mechanisms a s  w e l l  
a s  p roduc t ion  phenomena and t h e  n e t  charged p a r t i c l e  d e n s i t y .  
Under e q u i l i b r i u m  c o n d i t i o n s  and above 83 km (where N+ = Ne), 
p roduc t ion  and l o s s  can be r e l a t e d  t o  t h e  charged p a r t i c l e  
d e n s i t y  by 

2 
= @le Ne (4)  
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where aie is t h e  e f f e c t i v e  r a t e  for i on -e l ec t ron  d i s s o c i a t i v e  
recombinat ion.  Equat ion (4 )  is v a l i d  only  i f  i on -e l ec t ron  
d i s s o c i a t i v e  recombinat ion is t h e  dominant charged par t ic le  
l o s s  mechanism and i f  chemical p rocesses  are more impor tan t  
t h a n  charge t r a n s p o r t ,  To deve lop  o u r  model, w e  have p l o t t e d  
i n  F i g .  7 t h e  squa re  of t h e  measured charged p a r t i c l e  
d e n s i t i e s  t o g e t h e r  w i t h  t h e  t o t a l  p roduct ion  ra te  qt d e r i v e d  
by summing t h e  effects  of t h e  i n d i v i d u a l  s p e c t r a l  l i n e s  and 
r eg ions  shown i n  F igu re  6 .  

The r e g i o n  (82-88 km) where 2-88 r a d i a t i o n  is t h e  dom- 

i n a n t  source  of i o n i z a t i o n  is i d e n t i f i e d  a s  t h e  s o l i d  p o r t i o n  
of t h e  qt curve .  
l e l i s m  between t h e  q 

For t h i s  r e g i o n  w e  compute aie t o  be 2 ~ 1 0 - ~ c m ~ s e c - ~ .  
emphasize t h a t  t h i s  is probably an  upper  l i m i t  f o r  aie s i n c e  
w e  a l s o  have used an  upper  l i m i t  for t h e  i n t e n s i t y  of t h e  

2-88 r a d i a t i o n .  

where 33.78 r a d i a t i o n  is  predominant 
88 km t h e r e  is a change i n  t h e  s l o p e  of q accompanied by a 
corresponding but  more pronounced change i n  t h e  s l o p e  of Ne . 
T h i s  corresponds t o  t h e  a l t i t u d e  where acco rd ing  t o  F i g u r e  6 ,  

33.78 X-radiat ion is becoming impor tan t  
88-90 km the computed v a l u e  of aie is w i t h i n  a factor of two 
of t h a t  computed f o r  t h e  82-88 k m  r e g i o n ,  

T h i s  conc lus ion  is suppor ted  by t h e  p a r a l -  
and Ne2 i n  t h i s  a l t i t u d e  i n t e r v a l .  

W e  
t 

The dashed p o r t i o n  of  t h e  qt c u r v e  i d e n t i f i e s  t h e  r e g i o n  
We n o t e  t h a t  a t  about  

2 t 

In  t h e  r e g i o n  

Most i m p o r t a n t l y ,  w e  n o t e  t h a t  i n  t h e  r e g i o n  90-93 k m  

t h e  r e l a t i v e  p o s i t i o n s  of t h e  q and N+ c u r v e s  r e v e r s e .  t 
We i n t e r p r e t  t h i s  a s  i n d i r e c t l y  due t o  a change from product ion  
by X-radiat ion t o  product ion  by EUV b u t  d i r e c t l y  a s s o c i a t e d  
w i t h  a change i n  t h e  e f f e c t i v e  d i s s o c i a t i v e  recombina t ion  
c o e f f i c i e n t  , aie. 

2 
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F i n a l l y ,  w e  n o t e  t h a t  from 93 t o  105 km, t h e  N+ 2 curve  

tracks t h e  q curve  q u i t e  w e l l .  T h i s  i s  t h e  a l t i t u d e  r e g i o n  

where from F igure  6 w e  sugges t  t h a t  Lyman B is t h e  predominant 
sou rce  of i o n i z a t i o n .  The computed v a l u e  f o r  aie i n  t h i s  
r e g i o n  is approximately l.8x10-7cm3sec'1, s u g g e s t i n g  t h a t  
t h e  charged p a r t i c l e s  are l o s t  a t  about  t e n  times t h e  ra te  
computed f o r  t h e  r eg ion  produced by X- rad ia t ion ,  The 
i n f l e c t i o n  p o i n t  i n  bo th  t h e  qt and N+2 curves  a t  e x a c t l y  

100 km probably r e f l e c t s  t h e  peak i n  t h e  p roduc t ion  by 
40-758 X-radia t ion  t o g e t h e r  wi th  the emergence of t h e  EUV 

C I11 l i n e  a t  9778 ( see  F i g .  6 ) .  

t 

Our o t h e r  rocket f l i g h t  occur red  f o r  Z = 25O. 
t u n a t e l y ,  t h e  radio-propagat  ion experiment  des igned  t o  
measure Ne malfunct ioned o n  t h i s  f l i g h t .  However, s u c c e s s f u l  
i o n  d e n s i t y  r e s u l t s  were ob ta ined  and are compared wi th  t h e  
o t h e r  N+ p r o f i l e  i n  F i g .  8. 
t h e  a l t i t u d e  r e g i o n  below 105 km f o r  2 = 58O are e n t i r e l y  
a t t r i b u t a b l e  t o  t h e  h i g h e r  s o l a r  z e n i t h  a n g l e ,  So t o o  are 
t h e  greater number of d i s c o n t i n u i t i e s  i n  t h e  p r o f i l e  f o r  
Z = 5 8 O .  
by d i f f e r e n t  p a r t s  of t h e  s o l a r  spectrum is much more d i s t i n c t  
f o r  l a r g e  so la r  z e n i t h  a n g l e s  t h a n  f o r  an  overhead sun  i f  

t h e  EUV and X-ray f l u x e s  a r e  i n  t h e  r i g h t  p r o p o r t i o n .  

Unfor- 

The smaller v a l u e s  throughout  

W e  sugges t  t h a t  t h e  s e p a r a t i o n  of r e g i o n s  i o n i z e d  

2 Our comparison of the computed p roduc t ion  ra te  w i t h  N+ 
f o r  Z = 25 are wi th  one except ion  c o n s i s t e n t  w i t h  those 
shown i n  F i g .  7 f o r  Z = 58 . W e  o b t a i n  t h e  same v a l u e s  for 

of about  1 . 8 ~ 1 0 - ~  and 2x10 c m  sec for t h e  r e g i o n s  
cy i e  
i o n i z e d  by Lyman 8 and 33.78 X-radia t ion  r e s p e c t i v e l y .  The 
one e x c e p t i o n  is  i n  t h e  reg ion  produced by 2-88 X-radia t ion  
where e i ther  lower v a l u e s  of q or h i g h e r  v a l u e s  of aie are 
i n d i c a t e d .  O f  t h e s e  t w o  p o s s i b i l i t i e s ,  w e  f a v o r  a lower 
p r o d u c t i o n  rate from the  fo l lowing  arguments.  

0 

0 

-8 3 -1 
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From t h e  NRL s a t e l l i t e  o b s e r v a t i o n s  w e  know on ly  t h e  

upper  l i m i t  f o r  t h e  i n t e n s i t y  of t h e  2-82 r a d i a t i o n  i n  bo th  
cases. Our comparison of q and N sugges t  t h a t  t h i s  
i n t e n s i t y  was lower on 26 August t h a n  on 23 November 1964. 
T h i s  is c o n s i s t e n t  wi th  o b s e r v a t i o n s  from t h e  NRL s a t e l l i t e  
i n  t h e  44-602 r eg ion  which suggest  t h a t  t h e  minimum i n  s o l a r  
X- rad ia t ion  was reached i n  July-August,  1964. 

be t h e  predominant sou rce  of i o n i z a t i o n  i n  t h e  lower E r e g i o n  
d u r i n g  p e r i o d s  of l o w  s o l a r  a c t i v i t y  and (b) t h e r e  is a 
d r a s t i c  change i n  t h e  v a l u e  of aie below 90 km where 
X- rad ia t ion  dominates and t h e  va lue  above 90 k m  where EUV 
is more impor t an t .  Below 115 km, 

+ 

From o u r  r e s u l t s  i t  may be concluded t h a t  ( a )  EUV can 

a n ~ n  - 1 1'2 2 
nl+n2 ' 'ie - (5) 

+ where t h e  s u b s c r i p t s  (1) and (2) denote  NO+ and O2 , 
r e s p e c t i v e l y ,  
i m p l i e s  t h a t  t h e  r a t i o  nO2+/nNO+ is a f u n c t i o n  of a l t i t u d e  
and t h a t  aNO+ and CY 

s i s t e n c y  of t h e s e  conc lus ions  w i t h  r e c e n t  i o n  m a s s  s p e c t r o -  
meter r e s u l t s  and w i t h  measurements of i o n - n e u t r a l  r e a c t i o n  
ra te  c o e f f i c i e n t s  is 'examined i n  t h e  nex t  s e c t i o n .  

ION I C  REACT IONS 

An a l t i t ude -dependen t  aie such as w e  observe  

+ d i f f e r  f r o m  one a n o t h e r .  The con- 
02 

+ Consider  first t h e  reg ion  below 90 k m  where N2+ and O 2  

are produced by X-radia t ion .  The ra te  Y l ,  f o r  t h e  p rocess  

+ + N2 + O2 + O2 + N2 
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3 -1 is between 1 and 2 ~ 1 0 - ~ ~ c m  sec 

F i t e  e t  a l ,  1962) .  
removed by p rocess  (6) r a t h e r  t han  by e i t h e r  d i s s o c i a t i v e  
recombination o r  by ion-atom in t e rchange .  Thus, bo th  a s  a 
consequence of (6) a s  w e l l  a s  d i r e c t  p h o t o i o n i z a t i o n  of 02, 
t h e  problem below 90 km i s  reduced t o  a method f o r  removing 
O 2  i o n s .  There are  two p o s s i b i l i t i e s ,  ion-atom i n t e r c h a n g e ,  

(Feshenfe ld ,  e t  a l ,  1965b; 
For ra tes  of t h i s  magnitude N + w i l l  be 

2 

+ 

+ 
(7) 

+ O 2  + N2 -'.NO + NO 

-15 3 -1 which has  a r a t e  y 2  less t h a n  10 c m  sec (Ferguson,  
p r i v a t e  communication) and d i s s o c i a t i v e  recombinat ion 

( 8 )  
+ O2 + e 4 Q + 0  

3 -1 f o r  which cy + is  about  2 ~ l O - ~ c m  sec (Biondi ,  1964) .  
P rocess  ( 7 )  w i l l  p r e v a i l  ove r  (8) i f  y n 
By u s i n g  t h e  1962 U S  S tandard  Atmosphere for n and o u r  
measured value for N e ,  w e  f i n d  t h a t  t h i s  w i l l  o ccu r  below 90 km 
if y 2  > 2x10 c m  sec . For t h i s  c a s e ,  t h e  p o s i t i v e  i o n  s p e c i e s  
below 90 km w i l l  be a lmost  e n t i r e l y  NO'. 

i o n  is t h e  pho to ion iza t ion  of 0 fo l lowed by p rocess  (7)  c o m -  2 
b ined  w i t h  p h o t o i o n i z a t i o n  of N2 fo l lowed by a two-step p r o c e s s  
g iven  s e q u e n t i a l l y  by (6) and ( 7 ) .  Recent i o n  spec t romete r  
obse rva t ions  (Johnson, p r i v a t e  communication; Narcisi  and B a i l e y ,  
1965) confirm t h a t  NO+ is t h e  dominant i o n  below 90 km.  Thus, 
our va lue  f o r  a, 

represent:: Q? 

o t h e r  ionospher ic  measurements (Holmes e t  a l ,  1964) b u t  an  
o r d e r  of magnitude less than  l a b o r a t o r y  measurements (Doering 
a n d  Mahan, 1962) .  

02 
exceeds Z X ~ O - ~  N e .  

2 N2 
N2 

-17 3 -1 

The o r i g i n  of t h i s  

of 2x10-8cm3sec-1 below 90 km q u i t e  l i k e l y  
I f  so ,  o u r  v a l u e  is  i n  agreement w i t h  some 

i e  
NO+ a 

Because of t h e  i n c r e a s e  i n  t h e  O/O r a t i o ,  t h e  i o n i c  2 
chemis t ry  of t h e  a l t i t u d e  r e g i o n  95-115 km is even more 
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complicated.  Our computat ions show t h a t  below 115 km photo- 
i o n i z a t i o n  of a tomic  oxygen has l i t t l e  effect  on t h e  t o t a l  
p roduct ion  rate. According t o  rates publ i shed  by Feshenfe ld  
e t  a1 (1965a,c) the  rate for  conversion of O+ i o n s  through 

+ + 0 + 0 2 - 0 2 + o  

is much g r e a t e r  t h a n  t h a t  of 

+ 0 + N2 + NO+ + N 

(9) 

As a r e s u l t ,  between 95 and 115 km where O2 d i s s o c i a t i o n  is 
r e l a t i v e l y  s m a l l ,  pho td ion iza t ion  of 0 w i l l  c o n t r i b u t e  t o  
t h e  O2 d e n s i t y .  T h i s  w i l l  be a s m a l l  c o n t r i b u t i o n  because 
of t he  l o w  O+ product ion  r a t e s  a t  these a l t i t u d e s ,  

(1965) d i s s o c i a t i v e  recombinat ion is more important  t h a n  ion- 
atom in te rchange  (7) f o r  removing 0; . 
computed va lue  f o r  aie of 1 . 8 ~ 1 0  

p a r t i a l l y  reflects ao2+. 

Since  (10) is n e g l i g i b l e  compared t o  ( 9 ) ,  and s i n c e  ( 7 )  

is s m a l l  compared t o  ( 8 ) ,  NO+ i o n s  between 95 and 115 km a r e  
an i n d i r e c t  r e s u l t  of pho to ion iza t ion  of N2. Ferguson e t  a1 
(1965) have deduced from l abora to ry  measurements a rate of 
2.  5x10-10cm3sec~1 f o r  t h e  process  

+ 

If y 2  is less t h a n  10'15cm3sec-1 a s  i n d i c a t e d  by Ferguson 

Consequent ly ,  ou r  
c m  sec" between 95 and 115 km -7 3 

+ 0 + NO+ + N, + 
N2 

a r e a c t i o n  first cons idered  impor tan t  i n  t h e  ionosphere by 

Norton et  a1 (1963). Such a l a r g e  ra te  c o e f f i c i e n t  can lead 
t o  e q u a l  c o n c e n t r a t i o n s  of O2 and NO+ i n  t h e  95 t o  115 km 
r e g i o n  even though N product ion r e s u l t i n g  from 40-75A 

+ 

2 
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r a d i a t i o n  is l e s s  t h a n  0 + product ion  by EUV r a d i a t i o n .  
e x a c t  r a t i o  of O2 

r a t i o .  Ion spec t romete r  o b s e r v a t i o n s  (Narcissi and B a i l e y ,  

1964; Holmes e t  a l ,  1964) show O2 
importance a t  100 km d u r i n g  per iods of l o w  s o l a r  a c t i v i t y .  
If so and i f  t h e  v a l u e  f o r  CY NO 
d e r i v e d  f o r  t h e  r e g i o n  below 90 k m ,  can  be a p p l i e d  here, t h e n  

-7 3 a v a l u e  of about  3 . 6 ~ 1 0  

CY + by u s e  of eq. 5.  

THE D REGION AT SOLAR MINIMUM 

The 
+ 2+ and NO c r i t i c a l l y  depends on t h e  0/02 

+ and NO+ t o  be of e q u i v a l e n t  

+ of 2 ~ 1 0 - ~ c m ~ s e c ' ~ ,  which w e  

c m  sec'' would be i n f e r r e d  f o r  

02 

The i n t e r p r e t a t i o n  of o u r  r e s u l t s  i n  t h e  D r e g i o n  r e q u i r e s  
f i r s t l y  a d i s c u s s i o n  of t h e  average  v a l u e  of N+ measured by 

u s  below 83 k m .  

measurements is governed by t h e  a l t i t u d e  of nose cone e j e c t i o n .  
S ince  t h i s  occu r red  as  low a s  66 km f o r  2 = 25O o u r  d i s c u s s i o n  
w i l l  emphasize t h i s  f l i g h t .  

i n  t h e  D r e g i o n  by o u r  experiment  is  a l i t t l e  more t h a n  10 c m  . 
T h i s  is an order of magnitude less t h a n  t h e  r e s u l t s  r e p o r t e d  
by o t h e r  i n v e s t i g a t o r s  who used exposed probes .  
i n  a previous  s e c t i o n  o u r  experiment  has t h e  advantages  of 
r e l a t i v e  i n s e n s i t i v i t y  t o  unwanted p h o t o c u r r e n t ,  t o  v e h i c l e  
p o t e n t i a l  and does  no t  r e q u i r e  a de ta i led  knowledge of o the r  
i o n i c  parameters  t o  d e r i v e  N+. 
shock waves gene ra t ed  by t h e  passage  of a s u p e r s o n i c  v e h i c l e  
th rough t h i s  r e g i o n  of h igh  p r e s s u r e ,  w e  n o t e  v e r y  good agree- 
ment between o u r  N, v a l u e s  and those s i n c e  o b t a i n e d  by 

L. G .  Hale ( p r i v a t e  communication) ,who used an  e n t i r e l y  d i f f e r e n t  
device  set t o  subson ic  v e l o c i t i e s  by u s e  of a pa rachu te .  

In  Fig.  9 w e  have p l o t t e d  N+2 as a f u n c t i o n  of a l t i t u d e  
i n  t h e  reg ion  65-90 km f o r  t h e  r o c k e t  f l i g h t  where 2 = 25O. 
For comparison, w e  a d d i t i o n a l l y  p r e s e n t  a sugges t ed  p o s i t i v e  

The lowest a l t i t u d e  a t  which w e  can  make N, 

The average  v a l u e  of N+ observed  
3 -3 

A s  w e  emphasized 

i .  

As t o  p o s s i b l e  e f fec ts  due t o  
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4 i on  product ion ra te  f o r  t h i s  a l t i t u d e  i n t e r v a l .  The upper  

p o r t i o n  of t h e  q curve  is due t o  X-radia t ion  and w a s  d i s c u s s e d  
i n  prev ious  s e c t i o n s .  W e  emphasize t h a t  f o r  t h i s  p o r t i o n  of 
t h e  curve w e  are reasonably  c o n f i d e n t  of t h e  d e n s i t y  of t h e  
i o n i z a b l e  c o n s t i t u e n t s  and t h a t  w e  have a measure of a t  l eas t  
t h e  upper l i m i t  f o r  t h e  i n t e n s i t y  of X- rad ia t ion .  We conse- 
quent ly  have some conf idence  t h a t  a t  t h e  a l t i t u d e  (83 km) 
s e p a r a t i n g  t h e  D and E r e g i o n  t h e  p roduc t ion  ra te  is approx- 
imate ly  2 x i o n  p a i r s  c m  sec . Unless one is w i l l i n g  
t o  accept a drast ic  change i n  t h e  e f f e c t i v e  l o s s  ra te  a t  t h i s  

a l t i t u d e ,  t h i s  v a l u e  f o r  q pe rmi t s  u s  t o  normalize on an  ab- 
s o l u t e  b a s i s  t h e  product ion  ra te  due t o  t h e  Lyman 6y r a d i a t i o n  
r e s p o n s i b l e  for i o n i z i n g  t h e  D r e g i o n .  The  v a l u e s  f o r  q 
which were computed for t h e  r e g i o n  below 83 k m  (F ig .  9 )  

consequent ly  a r e  c o n s i s t e n t  w i t h  a d e n s i t y  of t h e  trace 
i o n i z a b l e  c o n s t i t u e n t ,  n i t r i c  o x i d e ,  g iven  by 

-3 -1 

n 3 x 10- lo n 
O2 NO 

Aik in  e t  a1 (1964) p o i n t  o u t  t h a t  one can  from l a b o r a t o r y  and 
rocket o b s e r v a t i o n s  o b t a i n  three v e r y  d i f f e r e n t  models of t h e  

n d i s t r i b u t i o n .  The one g iven  by Eq. 12 which is  based on 
o u r  rocke t  r e s u l t s  g i v e s  a n  NO abundance c o n s i s t e n t  w i t h  cu rve  
1 of t h e i r  paper  and t h e i r  d e r i v e d  e f f e c t i v e  recombina t ion  
c o e f f i c i e n t  a t  80 k m .  

I n  t h e  D r e g i o n ,  w e  must a l l o w  f o r  t h e  p o s s i b l e  e x i s t e n c e  

NO 

of nega t ive  i o n s .  For e q u i l i b r i u m  c o n d i t i o n s  

i e  N+ q = a ,  Ne+CYii N+ - N 

where aii  i s  t h e  ion-ion recombina t ion  c o e f f i c i e n t .  
e f f e c t i v e  l o s s  r a t e  f o r  p o s i t i v e  i o n s  computed throughout  

The 
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t h e  D r e g i o n  from F ig .  9 v a r i e s  from 1 .2  t o  2 x 10 -8 c m  3 sec -1 . 
The absence of a s imul taneous  and a c c u r a t e  e l e c t r o n  d e n s i t y  
measurement p r e v e n t s  u s  from i n f e r r i n g  w i t h  conf idence  t h e  
n a t u r e  of t h i s  loss  mechanism. If n e g a t i v e  i o n s  are un- 
impor t an t ,  t h e n  ion -e l ec t ron  recombinat ion dominates  and w e  
have a va lue  f o r  aNO+ c o n s i s t e n t  w i th  t h a t  deduced a t  h i g h e r  
a l t i t u d e s  where X-radia t ion  is the  dominant sou rce  of i on iza -  

t i o n .  However, even o u r  low va lues  of N+ are h i g h e r  t h a n  Ne 
v a l u e s  o b t a i n e d  under  similar ionosphe r i c  c o n d i t i o n s  on o t h e r  
rockets (Aikin e t  a l ,  1964) .  Thus, there is a p r o b a b i l i t y  
t h a t  n e g a t i v e  i o n s  are important throughout  the  D r e g i o n  and 
t h a t  p o s i t i v e  i o n s  are removed by ion-ion recombinat ion.  

T h i s  cannot  be a f i r m  conc lus ion ,  however, u n t i l  N+ and 
Ne are s imul t aneous ly  and accurately measured throughout  
t he  D r eg ion .  

CONCLUSIONS 

F o r t u i t o u s l y  f o r  t h i s  case, cyii  N - - aNO+ 2 x 10 -8 c m  3 sec -1 . 

From o u r  r o c k e t  measurements of charged p a r t i c l e  d e n s i t y  
and o p t i c a l  dep th  t o g e t h e r  w i t h  s imul taneous  s a t e l l i t e  
o b s e r v a t i o n s  of solar  r a d i a t i o n  f l u x ,  w e  sugges t  t h a t  the 

f o l l o w i n g  p roduc t ion  and loss mechanisms p r e v a i l  d u r i n g  the  
y e a r  of t h e  minimum s o l a r  a c t i v i t y :  

A t  a l t i t u d e s  between 65 and 83 km, t h e  impor tan t  
i o n i z a t i o n  source  is Lyman a lpha  r a d i a t i o n  a c t i n g  on t h e  
trace c o n s t i t u e n t  n i t r i c  oxide whose abundance is approximate- 
l y  g iven  by 3 x 10 

t i v e  i o n s  i n  t h i s  r e g i o n  is  approximately 2 x 10’8cm3sec‘1. 
The r e g i o n  82-88 and 88-93 k m  is s u c c e s s i v e l y  produced 

by 2-8A and 33.7A.X-radiation. On t h e  assumption tha t  t h e  

ion-atom i n t e r c h a n g e ,  O 2  + + N2 + NO+ + NO,  takes p l a c e  a t  

. The e f f e c t i v e  l o s s  ra te  f o r  posi-  -10 
n02 

0 0 
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a r a t e  f a s t e r  t h a n  2 x 10'17cm3sec-1 t h e  p r i n c i p a l  i o n i c  
species i n  t h i s  r e g i o n  is NO+. 

e f f e c t i v e  loss ra te  of 2 x 10 

s o c i a t i v e  recombinat ion of NO' i o n s  w i t h  e l e c t r o n s .  

r a d i a t i o n  producing mainly 0 + and by 40-75A r a d i a t i o n  
producing mainly N2 . 
t r a n s f e r  w i t h  atomic oxygen and/or i o n  in t e rchange  w i t h  
O2 l ead ing  t o  a r e g i o n  where NO+ and 02+ i o n s  are of equiva-  
l e n t  importance.  The e f f e c t i v e  recombinat ion ra te  i n  t h i s  
r eg ion  is about  1.8 x c m  sec w i t h  cy + estimated t o  
be about twice t h a t  va lue .  

Care must be t aken  n o t  t o  ex tend  these c o n c l u s i o n s  t o  

A s  a consequence, t h e  computed 
-8 3 c m  sec" r e p r e s e n t s  d i s -  

The r e g i o n  93-115 km is  i o n i z e d  p r i n c i p a l l y  by EUV 
0 

+ 2+ The N2 i o n s  are removed by cha rge  

3 -1 
O 2  

other  l e v e l s  of solar  a c t i v i t y .  Our a n a l y s i s  of t h e  
format ion  of t h e  lower ionosphere  f o r  t h i s  case is con- 
s i s t e n t  w i t h  a l l  laboratory measurements of t h e  p e r t i n e n t  
react ions  excep t  cyNO+. 
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Figure  1 

Photograph of Nike-Apache payload showing ion  d e n s i t y  
and so la r  r a d i a t i o n  experiment s e n s o r s .  
F igu re  2 

Rocket measurement of ( a )  p o s i t i v e  i o n  d e n s i t y ,  
a s  r e p r e s e n t e d  by s o l i d  c u r v e ,  (b) electron d e n s i t y ,  
Ne ,  a s  r e p r e s e n t e d  by dashed curve.  
F igu re  3 

l e n g t h .  
F i g u r e  4 

t u n g s t e n  t a r g e t .  
F i g u r e  5 

N+ 

P h o t o e l e c t r i c  y i e l d  of tungs t en  a s  a f u n c t i o n  of wave- 

Rocket measurement of un re t a rded  pho tocur ren t  from a 

The effect  of a t t e n u a t i o n  by t h e  t e r r e s t r i a l  atmosphere 
f o r  s p e c i f i e d  wavelengths  inc lud ing  an  expe r imen ta l  and 
theoret ical  comparison fo r  the  Lyman a l p h a  l i n e .  
F i g u r e  6 

T o t a l  p h o t o i o n i z a t i o n  r a t e  a s  a f u n c t i o n  of a l t i t u d e  
for s p e c i f i e d  wavelengths  and wavelength bands.  
F i g u r e  7 

T o t a l  i on  p a i r  product ion f u n c t i o n  and N2 p l o t t e d  as 
a f u n c t i o n  of a l t i t u d e  f o r  t h e  2 = 58O rocke t  experiment .  
F i g u r e  8 

+ 

Comparison of p o s i t i v e  ion  d e n s i t y  as  measured by t w o  
r o c k e t s  launched a t  two d i f f e r e n t  s o l a r  z e n i t h  a n g l e s .  
F i g u r e  9 

Comparison of t h e  square of t h e  p o s i t i v e  i o n  d e n s i t y  
w i t h  t h e  i o n  p a i r  product ion f u n c t i o n  f o r  t h e  D r e g i o n .  


